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Abstract 


The synthesis of nickel hydroxide occurs by many stages. When the precipitating reagent is NH4OH solution, the precipitation of nickel hydroxide 
occurs between pH 8.0 and 8.6. For pH between 8.6 and 10.0, a soluble complex such as [Ni(NH3)¢]?* is formed. The precipitation of nickel 
hydroxide happens again after the pH equals 10.0. Finally, there occurs the ageing of a-Ni(OH)2. A mixture of a-Ni(OH)» and B-Ni(OH) phases 
is formed when the solid state reaction is not totally completed. One adsorbed layer becomes very hard with the exit of the water intercalated in 
the a-Ni(OH),. In presence of KOH solution occurs the formation and the ageing of a-Ni(OH) . Synthesis was characterized by the following 
techniques: X-ray diffraction, Fourier transform infrared spectroscopy (FT-IR), differential thermal analysis (DTA) and gravimetric thermal analysis 


(GTA), and specific surface area and UV-vis spectroscopy. 
© 2006 Elsevier B.V. All rights reserved. 
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1. Introduction 


There is substantial scientific and technological interest 
in the study of nickel hydroxide synthesis due to its appli- 
cation in the positive electrodes of alkaline batteries. The 
NiO-OH/Ni(OH)2 electrodes constitute the positive plates of 
nickel-iron, nickel-cadmium, nickel—zinc, nickel—hydrogen 
and nickel—metal hydride batteries [1,2]. Nickel hydroxide can 
be formed as a-Ni(OH) or B-Ni(OH)2 phases. In the a-Ni(OH)2 
lattice, intercalated water molecules and alkali metal ions sep- 
arate the (001) plane. The lattice parameters for unit cell in 
the hexagonal system are co =8.05 A and ao = 3.08 A. The a- 
Ni(OH)z is unstable in the presence of alkali and on ageing, it 
becomes B-Ni(OH)2. The ageing process consists of transfor- 
mation of a-Ni(OH) in B-Ni(OH)2, by water and alkali metal 
ion elimination [3-5]. Due to a-Ni(OH)2 instability in alkaline 
solutions, B-Ni(OH) is frequently used as a precursor material 
in the alkaline battery. Lattice parameters for B-Ni(OH)2 in the 
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hexagonal system are co = 4.65 A and ay =3.12 A. The process 
of synthesis of the precursor material is still not fully under- 
stood. Microstructural control of the nickel hydroxide is being 
researched to improve the performance of the NiO-OH/Ni(OH)2 
electrode [6-10]. The presence of a-Ni(OH)2 in the precursor 
material increases the specific capacity of the NiO-OH/Ni(OH)2 
electrodes [11]. In this work, a study of the relationship between 
the chemical synthesis and the microstructure of the nickel 
hydroxide was performed. The materials and the chemical 
process were characterized in different stages of preparation 
through the following techniques: X-ray diffraction, Fourier 
transform infrared spectroscopy (FT-IR), differential thermal 
analysis (DTA), gravimetric thermal analysis (GTA), and spe- 
cific surface area and UV-vis spectroscopy. 


2. Experimental 


The reagents used in this synthesis method for precipitation 
of the nickel hydroxide were: (A) 2KOH 1.0 mol1~! +NiSO4 
1.0moll~! and pH 10, (B) 2KOH 1.0moll~! +Ni(NO3)2 
1.0mol1~! and pH 10, (C) 2NH4OH 1.0 moll! + Ni(NO3)2 
1.0mol1~! and pH 10, (D) 2NH4OH 1.0 moll! + Ni(NO3)2 
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0.1 moll“! and pH 10, (Œ) 2NH4OH 1.0 mol1~! +Ni(NO3)2 
0.1 moll“! and pH 8 and (F) 2NH4OH 1.0 mol1~! +NiSO4 
1.0mol17! and pH 10. 


2.1. Synthesis of nickel hydroxide 


The synthesis was carried out as follows: KOH or NH4OH 
solutions were added by dripping into the nickel solution at a 
rate of 10.0mlmin—!. The suspension was constantly stirred. 
The addition of reagent solution ceased when the pH was equal 
to 8 (synthesis E) or 10 (synthesis A, B, C, D and F). When 
the addition of the reagent was complete, the digestion process 
began and proceeded for 24h. After that, the precipitate was 
washed in order to remove the excess reagent ions. The sep- 
aration between the precipitate and the solution was done by 
centrifugation at 1500 rpm for 50 min. In the synthesis A and F, 
an aliquot was removed from the upper solution after sedimen- 
tation of the precipitate. BaCl 1.0 mol17! in excess was added 
to the solution, causing the precipitation of BaSO4. The wash- 
ing of the precipitate was concluded when a white precipitate 
of BaSO,4 was not found in the wash water. This approach was 
adopted to conclude the washing operation. This operation was 
repeated five times, on average. In the other syntheses, because 
of the high solubility of the nitrate, it was not possible to make 
any visual test to determine the end of the washing operation. 
Therefore, after sedimentation, the pH of the upper solution was 
monitored and the precipitate formed was washed five times. 
In the next stage, the precipitate was dried at 50°C for 72h. 
The nickel hydroxide mass remained constant in these condi- 
tions. Finally, the precipitate was pulverised and the powder 
was passed through a 37-mesh sieve. 


2.2. Characterization techniques 


The X-ray diffraction powder patterns of the samples were 
carried out with a Rotaflex-Rigaku model 200B diffractome- 
ter. Cu Ka radiation (A = 1.5418 A) was used. The scan speed 
was 2°min~! in 26. The Fourier transformation infrared 
spectroscopy was measured on a Bomem model 102 spec- 
trophotometer with KBr pellets in the interval between 400 and 
4000 cm~!. DTA and GTA were performed by means of a ther- 
mal meter Netzsch model STA 409. Specific surface area was 
obtained by the BET adsorption method using a surface analyzer 
ASAP model 2000 V-2.04. UV-vis spectroscopy of the nickel 
solutions were made with the help of a Cary model. The cen- 
trifuging of the nickel hydroxide precipitate was done with a 
centrifugal Fek Brake model Top M03. 


3. Results and discussion 
3.1. Precursor material characterization 


Typical examples of X-ray diffraction for nickel hydroxide 
are shown in Fig. 1. In comparison with JCPDS cards [12,13] 
verified that B-Ni(OH)2 was formed in the synthesis A, B, D, 
E and F. Mixtures of a-Ni(OH)2 and B-Ni(OH)2 were formed 


Table 1 
Absorption in the Fourier transformation infrared spectroscopy 
Wave number (cm7!) Attributions Synthesis 
3638 Vibrational stretching of hydroxyl ABCDEF 
group in the nickel hydroxide 
lattice, 
3427 Stretching vibrational of hydroxyl ABCDEF 
group of the adsorbed water 
1636 Water angular deformation ABCDEF 
569 Water angular deformation in plane ABCDEF 
386 Water angular deformation ABCDEF 
outside-of-plane 
448 Ni—O vibrational stretching ABCDEF 
2424, 2356 CO, present in the air ABCDEF 
1121, 1069 Sulphate anion AF 
1384, 998 Nitrate anion BCDE 
1382, 1025 (shoulder) Carbonate anion AC 


in the synthesis C. This demonstrates that, the ageing process 
where a-Ni(OH)2 becomes B-Ni(OH)2 was not totally com- 
pleted. The thickness of the crystallites, normal to the (00 1) 
diffraction plane was calculated with Scherrer’s equation and 
the value found was between 40.0 and 50.0nm. The enlarge- 
ment of the diffraction peaks occurred due to the small size of 
crystallites and the badly crystallized precursor material. 

FT-IR spectra prove that on the crystallite surface of the nickel 
hydroxide powder synthesised by methods A, B, C, D, E and F 
there are retained anions from the mother solution. FT-IR spec- 
tra also have characteristic bands of adsorbed and intercalated 
water molecules [14]. The absorption bands for nickel hydrox- 
ide synthesised by method A, B, C, D, E and F can be seen in 
Table 1. 

In Fig. 2 shows a typical thermogravimetric plot for Ni(OH)2 
synthesised by methods A, B, C, D, E and F. The percent- 
age of relative mass loss is plotted against the temperature 
increase. There are two temperature intervals where significant 
mass loss can be detected. The first one is the interval between 
40 and 250°C that corresponds to the elimination of adsorbed 
water for beta nickel hydroxide and adsorption and interca- 
lated water for alpha/beta nickel hydroxide. The second is the 
range between 250 and 450 °C that corresponds to the reaction: 
Ni(OH)2 —> NiO + H20 and the desorption of anions [15,16]. 
NiO calcination happened in the temperature range between 450 
and 700 °C, before the beginning of powder sintering. Quantita- 
tive analysis was made with previous knowledge of the following 
data: the initial values of nickel hydroxide mass and the rel- 
ative water loss in the interval between 40 and 250°C. The 
fraction between the amount of substance (mol) of water and 
Ni(OH)2 was determined. Chemical compositions for nickel 
hydroxide are in agreement with gravimetric thermal analysis, 
X-ray diffraction and infrared spectroscopy measurements as 
can be seen in Table 2. 

The relation between the specific surface area and the 
synthesis method is shown in Table 2. In this table, it can 
be observed that the high amount of water on the power 
and the nitrogen adsorption lead to the formation of van 
der Waals’ interactions and hydrogen bonding. These short- 
range interactions provoke the association of the particles 
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Fig. 1. X-ray diffraction pattern for nickel hydroxide synthesized for the methods A, B, C, D, E and F. 


forming agglomerates and decreasing the specific surface 
area. 


3.2. Mechanism for precursor material formation 
In the syntheses A and B, beta nickel hydroxide was obtained 


independent of the composition of the nitrate or sulphate anions. 
The alpha nickel hydroxide phase is stabilized when the synthe- 


sis of the precursor material is carried out under the C conditions. 
In the routes D, E and F, only beta nickel hydroxide was obtained. 
With decrease of the concentration of nitrate (synthesis D) and 
pH (synthesis E), the speed of the ageing of the alpha phase 
in beta nickel hydroxide happens more quickly than in C. The 
formation of a mixture of a-Ni(OH)2 and B-Ni(OH) can be 
attributed to the adsorption of the nitrate anion on the solid sur- 
face. The adsorbed layer on the solid became very hard due to the 


M.B.J.G. Freitas et al. / Journal of Power Sources 165 (2007) 916-921 


Synthesis A 


[+70 % 


MASS PERCENTAGE 


300 400 


MASS PERCENTAGE 


0 100 200 300 400 


TEMPERATURE/ °C 


MASS PERCENTAGE 


200 
TEMPERATURE/ °C 


300 400 


500 


500 


600 700 


500 600 


919 


105 

400 Synthesis B 
W 
© 95 
< 
5 
i 90 
ra 
w 85 
o 4.94% 
n 
a 80 
Š 

75 

70 

0 100 200 300 400 500 600 700 
TEMPERATURE/ °C 


Synthesis D 


MASS PERCENTAGE 


O 100 200 300 400 500 600 
TEMPERATURE/ °C 
105 
© 95 
£ 
5 90 
W 
oO 
© 85 
lu 
a 
u 80 
N) 
< 
$ 75 
70 
65 
0 100 200 300 400 500 600 
TEMPERATURE/ °C 


Fig. 2. Thermogravimetric plot for nickel hydroxide synthesized for the methods A, B, C, D, E and F, temperature scans of the 7°C min™!. 


Table 2 
Characteristics of the nickel hydroxide powder 


Synthesis Chemical composition 


[B-Ni(OH),(H20)o,30(SO4)y(CO3)2—x—-2y/2] 
[B-Ni(OH),x(H20)o,081(NO3)z] 
[o/B-Ni(OH),(H20)o,65(NO3)-(CO3)2-»—7/2] 
[B-Ni(OH),(H20)o,13(NO3)z] 
[B-Ni(OH),(H20)o,73(NO3)z] 
[B-Ni(OH),(H20)0,46(SO4)y] 


7AMOoOaADD> 


Specific surface 
area (m2 g` 1) 


114.0 
110.0 
35.5 
28.8 
25.7 
24.8 


exiting of water intercalated in the a-Ni(OH)2. Adsorbed layers 
of nitrate anions on the solid decrease with the decrease of the 
NO37! concentration and pH. This was verified in the synthe- 
ses D and E. Therefore, for alpha nickel hydroxide, there is an 
optimal condition that depends on the NH4OH and Ni(NO3)2 
concentration and pH. In the presence of NH4OH and Ni(SOx4), 
the phase beta is stable as shown in synthesis F. This confirms 
that the anion adsorption delays the ageing process. Due to the 
complexity of the problem, more work is required to clarify 
the effects of these variables on the products. But, it was veri- 
fied that the composition of the solution used in the synthesis 
does have an influence in the microstructure of the precursor 
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Fig. 3. Typical pH change with the addition of the NH4OH 1.0 mol 17! in the 
Ni(NO3)2 0.1 mol 17! solution, synthesis D, temperature of 298 K. 


material. When NH4OH is used as a precipitant reagent the syn- 
thesis occurs in many stages. The first one is the precipitation 
of the nickel hydroxide in pH between 8.0 and 8.6. The second, 
in pH between 8.6 and 10.0, is the formation of a complex as 
[Ni(NH3)6]°*. The precipitation of the nickel hydroxide hap- 
pens again after pH 10.0. Finally, occurs a solid-state reaction. 
Fig. 3 shows a typical variation of the pH during the synthesis. 
UV-vis spectroscopy was used to monitor this reaction mecha- 
nism as can be seen in Fig. 4. The adsorption peak of the Ni2* 
solution at 393 nm decrease for 366 nm when it is formatted to 
[Ni(NH3)6]?*. Another peak at 366 nm corresponds to the spin- 
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Fig. 4. UV-vis spectroscopy of the: (A) Ni?* solution and (B) [Ni(NH3)6]** 
solution. 


orbit coupling effects that alter the energies of the orbital. The 
mechanism for precursor material formation in NH4OH solution 
can be expressed as follows: 


p 


: Ni" Gduadue) + 20H“ (aqueous) —> a-Ni(OH)2(solia) 

2. a-Ni(OH)zxsotia) > B-Ni(OH)2(sotia) 

3. B-Ni(OH)2(solia) + O(NH3 (aqueous) > [Ni(NH3 Jel tequdaus) 
+ 20H“ (aqueous) 

4. [Ni(NH3)6]** (aqueous) +20H™ (aqueous) > Q- 
Ni(OH)zsotia) + 6NH3(aqueous) 

5. a-Ni(OH)2(solia) > B-Ni(OH)2(so1ia) 


The ageing process (stage 2 or 5) is slower in synthesis C than 
in syntheses D, E and F. Therefore, a mixture of a-Ni(OH)2 and 
B-Ni(OH)2 phases is formed. This behaviour can be attributed 
to the adsorption of the nitrate anion on the solid surface. The 
adsorbed layer on the solid became very hard from the exit of 
the water intercalated in the a-Ni(OH)>. 

The mechanism for the precursor material formation in KOH 
solution is: 


1. Ni” acuoso) + 20H (acuoso) > &-Ni(OH)2 
2. &-Ni(OH)2 (solid) > B-Ni(OH)2(sotia) 


4. Conclusions 


In trying, you improve the capacity of the NiO-OH/Ni(OH)2 
electrodes used in Ni-Cd, Ni-MH and Ni-Fe batteries, sev- 
eral modifications have been done to the nickel hydroxide 
microstructure. The capacity of the positive electrodes of 
NiO-OH/Ni(OH)2 depends on the microstructure of the precur- 
sor material [11]. The mechanism and the microstructure of the 
precursor material depend on the alkaline solution and nickel 
salt used in the synthesis. In the presence of NH4OH solution 
as reagent, the synthesis of the nickel hydroxide occurs in five 
stages. The first one is the precipitation of nickel hydroxide for 
pH values between 8.0 and 8.6. The second corresponds to the 
formation of a complex such as [Ni(NH3 )6|?*, in the pH range 
between 8.6 and 10.0. The precipitation of nickel hydroxide 
happens again after pH 10.0. A layer of nitrate anions adsorbed 
on the solid makes difficult the exit of the water intercalated 
in the a-Ni(OH)2. Therefore, a mixture of a-Ni(OH)2 and B- 
Ni(OH)2 phases is formed. In the presence of KOH solution as 
reagent, occurs the formation and ageing of nickel hydroxide. 
The chemical composition for nickel hydroxide can be expressed 
as follows: [B-Ni(OH),(H20),(A7 )y], where x, w and y are the 
amount of substance and A” is the adsorbed anion. 
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